A thermo-elastic contact problem of functionally graded materials (FGMs) rotating brake disk with different pure brake pad areas under temperature dependent material properties is solved by Finite Element Method (FEM). The properties of brake disk change gradually from metal to ceramic by power-law distribution along the radial direction from the inner to the outer surface. Areas of the pure pad are changing while the vertical force is constant. The ratio of brake pad thickness to FGMs brake disk thickness is assumed 0.66. Two sources of thermal loads are considered: (1) Heat generation between the pad and brake disk due to contact friction, and (2) External thermal load due to a constant temperature at inner and outer surfaces. Mechanical responses of FGMs disk are compared with several pad contact areas. The results for temperature-dependent and temperature-independent material properties are investigated and presented. The results show that the absolute value of the shear stress in temperature-dependent material can be greater than that for temperature-independent material. The radial stress for some specific grading index (n = 1.5) is compressive near the inner surface for double contact while it is tensile for a single contact. It is concluded that the radial strain for some specific value of grading index (n = 1) is lower than other FGMs and pure double side contact brake disks.
Where P and r are material property and radius of FGMs brake disk, respectively. The subscript i and o represent the value of relathe ted character at inner and outer surfaces, respectively. n is the grading index in this formula and should be more than 0 (n ≥ 0). Because FGMs are used in high-temperature situation, the temperature dependent material property (P) 7 is: where j = i or o and T shows the absolute temperature (in K). P 0 , P −1 , P 1 , P 2 , and P 3 are the coefficients of T which are constant for the constituent material. In this research, the coefficient of thermal expansion and the modulus of elasticity are calculated by employing the gradation relation (2) from 7 The Poisson's ratio υ is considered constant along the radial direction for rotating FGMs disk 31 but for the other material properties of FGMs disk including the density ρ, the coefficient of friction μ, and the thermal conductivity k are considered to be temperature-independent and are calculated by applying Eq. 
Simulation of Double FGMs Brake Disk by FEM
Double FGMs brake and pure pad disks are simulated by finite element software ANSYS 11 and two brake pads contact on the top and bottom surfaces of the brake disk. Heat is produced due to friction from vertical pressures applied on pad surfaces. Outer and inner surfaces of FGMs brake disk are considered ceramic-rich and metal-rich, respectively. The material of the pure pad is Aluminum, and the coefficient of friction μ between these materials is 1.4 31 .
Finite element analysis by ANSYS software. Element type. PLANE13 with four nodes is employed like Shahzamanian et al. 31 . The shape function for axisymmetric and 2-D solid elements is quadrilateral solid without extra shape functions and mid-side node as described in Eq. (9) and shown in Fig. 2 .
where u, u I , u J , u K , and u L represent motion and displacements of nodes I, J, K, and L, respectively and s 1 , and s 2 are isoparametric variables.
Thermal loads. The thermal loads which are considered in FGMs rotating brake and pure pads disks are due to two sources. At first, it is considered that constant temperatures are applied at inner and outer surfaces of FGMs rotating brake disk. The second heat generation is between brake and pads. It is assumed that the FGMs brake disk is rotated with constant angular velocity ω, and heat generation between the pad and brake disks is divided into two equal parts for pad and brake disk Shahzamanian et al. 31 .
Thermo-mechanical relation. For thermo-mechanical relation, the cylindrical coordinate system (r, θ, z) is chosen. The geometry of thin FGMs brake disk, pads are considered as axisymmetric as well as loading parameters. The hollow FGMs brake disk with uniform thickness is considered, with r i and r o are inner and outer radii, respectively. The material of FGMs rotating brake disk changes from metal-rich to ceramic-rich consistently and smoothly from inner the surface to outer. The thermo-elastic relation by considering infinitesimal theory is discussed by Shahzamanian et al. 31 .
Boundary conditions
Mechanical boundary condition for double side FGMs brake disk. Two mechanical parameters are more important for this investigation. First one is stress which occurs because of applying angular velocity to FGMs rotating brake disk, and it changes during the direction from maximum to zero at the outer surface. The second one is displacement that changes inversely of stress: Thermal boundary condition for double side FGMs brake disk. The temperatures applied to the inner and outer surface of FGMs rotating brake disk and the heat generated due to friction are assumed for thermal boundary condition. Of course, the heat generated is considered to be divided between pad and brake disk equally. The contact areas are between ≤ ≤ r r r i pad o , at z = 0 and z = h then for one side of brake disk and pad the heat, is calculated by using (12): where q and ω are vertical pressure and angular velocity, respectively. 
Finite Element Approach for Contact Status
The process of FEM analysis, which is done in the present study, has been presented in Fig. 3 .
Validation
For the verification of the presented results of this research, the numerical solution reported by Shahzamanian et al. 31 
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Entering the material properties include temperature "T1, T2, …", modulus of elasticity "EX" which depends on temperature, mass density "DENS", thermal expansion coefficient "ALPX" which depends on temperature, friction coefficient "MU" for metal-rich and ceramic-rich for inner and outer surfaces of FGMs rotating brake disk, respectively, thermal conductivity coefficient "KXX", and specific heat "C" www.nature.com/scientificreports www.nature.com/scientificreports/ ness to FGMs brake disk thickness is assumed 0.66. Shahzamanian et al. 31 demonstrated the vertical displacement of FGMs brake disk is between full-metal and full-ceramic brake disks.
The non-dimensional vertical displacement against radial direction for a constant value of grading index, n = 1.5 for different values of contact line ratio (R cl ) is presented if Fig. 4 . These results are obtained by employing FEM and compared with the special case with temperature-independent material properties and without any thermal load as considered by Shahzamanian et al. 31 .
As expected, the absolute vertical displacement increases from inner to the outer surface smoothly due to applying the same force to several contact line ratio. It can be noted that by increasing the value of R cl , the absolute value of vertical displacement decreases. It can be seen that the results obtained in the non-dimensional form are in excellent agreement with the other results in the literature. Then the present approach is suitable for temperature-dependent material properties FGMs brake disk and double side contact problem.
numerical Results
For the numerical description of the thermo-elastic solution due to contact, thermal and bending loads, hollow fixed-free rotating FGMs brake disk with h Brake = 10 mm and r o = 5r i is considered. Three diversity pad areas, as well as three cases namely one side contact area with temperature-independent and temperature-dependent material properties with mechanical and two sources of thermal loads and double side contact area with temperature-dependent material properties under thermo-mechanical load, are used. This study is conducted using Aluminum as inner-surface metal, Zirconia as outer-surface ceramic for FGMs rotating brake disk, and temperature-independent material properties are the same as presented by Shahzamanian et al. 31 in Table 1 .
The temperature-dependent material properties for Zirconia are from Shen 6 and for Aluminum has been derived from McLellan and Ishikawa 38 as listed in Table 2 .
The FGMs rotating brake disk is considered to influence a body force due to constant angular velocity ( 1000 rad s ω = ), uniform vertical load (F = 282 MN), and thermal load (75 °C). The steady-state condition for the radial temperature at the inner surface of the brake disk made of Aluminum is 100 °C and the outer surface of the brake disk made of Zirconia at reference temperature 25 °C are considered. The coefficient of friction between FGMs rotating brake disk and pure pads is 0 75 14 . ≤ µ ≤ . . Three different pad sizes with the dimensionless thickness ratio = .
0 66 h h Pad brake are considered with contact line ratio is changed as: 
Results and Discussions
The dimensionless results for displacement, strain, and stress are normalized and presented by ρ ω r E ( )/ Single contact. Temperature-independent results. The non-dimensional vertical displacement versus the non-dimensional radius of one side contact with a thermo-mechanical load for different values of R cl and the grading index, n, has been illustrated in Fig. 5 . Figure 5 (i) shows the effect of the different value of contact line ratio (R cl ) as given in Eq. (13) on the vertical displacement by fixing the value of n (n = 1.5). It is seen that the FGMs rotating brake disk with R cl = 0.375 has smaller absolute vertical displacement compared to others. As expected greater value of R cl makes a smaller value of displacement. In Fig. 5(ii) , the effect of the grading index, n, on the vertical displacement with the constant Figure 5 . Non-dimensional vertical displacement versus the non-dimensional radius of one side contact with thermo-mechanical load: (i) in the FGMs rotating brake disk with different R cl and n = 1.5 (ii) in the rotating brake disk with R cl = 0.375 and different values of the grading index, n.
value of R cl is presented. As expected, the absolute values of non-dimensional displacement in the vertical direction for full-ceramic brake disk due to higher modulus of elasticity are less than those for the full-metal disk. It can be seen that the absolute non-dimensional vertical displacement decreases with the decrease of the grading index, n, value from n → ∞ (homogeneous Aluminium brake disk) down to its minimum value to n = 0 (homogeneous Zirconia brake disk) where R 0 27
1 . ≤ ≤ . The dimensionless vertical displacement of FGMs and full-metal brake disk go to the positive value close to the inner surface then change into negative values while it is thoroughly negative for full-ceramic brake disk. The slope of displacement increases with increasing the value of n. Figure 6 describes the non-dimensional radial stress against non-dimensional radius under thermo-mechanical load with different R cl and grading index, n, under 75 °C thermal load respect to a reference temperature (25 °C) at the inner surface of rotating brake disk. Figure 6 (i) shows the effect of contact line ratio on the radial stress for the same value of the grading index when n = 1.5 and for different R cl . This graph recommends that the tensile radial stresses for R cl = 0.375 is smaller than other R cl . It is observed that the radial stress at the inner surface of FGMs rotating brake disk with R cl = 0.375 is the smallest, and also it takes zero value earlier than others. Moreover, it is seen that the variation of R cl = 0.375 is narrower than others when ≥ .
R 0 66. The influence of grading index, n, on the radial stress for rotating brake disk with the same value of R cl is given in Fig. 6(ii) . It is remarkable to mention that the radial stress for FGMs is smaller than full-metal and full-ceramic close to the inner surface. In contrast, the radial stress in the full-metal disk is smaller than that for FGMs brake disk where R 0 92 ≥ . . As expected, the radial stress is zero at the outer surface. www.nature.com/scientificreports www.nature.com/scientificreports/ The variations of non-dimensional shear stress versus non-dimensional radius for a single contact situation and different value of R cl and grading index n under thermo-mechanical load are shown in Fig. 7 (i,ii). Figure 7 (i), presents the effect of R cl on the shear stress for the same value of grading index n = 1.5. It is seen that the values of shear stresses are very close to each other where ≤ .
R 0 68 for all value of R cl . It is noticed that for R cl = 0.375 shear stress changes from the negative to the positive earlier than those for others where ≅ . R ( 074). It is seen that the maximum positive shear stress at smaller R cl is greater than others as well as the slope of changing negative to positive shear stress. Figure 7 (ii), demonstrates the effect of n, grading index, on the shear stress by considering the same geometry for pad disk. It is noticed that the absolute value of shear stress for full-ceramic is greater than that for full-metal and FGMs at the inner surface of brake disk while the absolute values of shear stress for FGMs brake disk are greater than pure material brake disks at outer surface. It is worth mentioning the positive shear stress always occurs after the first contact point R ( 07) > . . Figure 8 (i,ii) present the non-dimensional radial strain versus non-dimensional displacement for single contact under thermo-mechanical load for different values of n and R cl .
It is seen in Fig. 8 (i) that for the same value of n the maximum radial strain occurs at the inner surface of rotating brake disk and it changes smoothly to a negative value at the end of a brake disk. The radial strain before first contact point (R = 0.7) for R cl = 0.375 is less than others; however, the radial strain converges to the approximately same value at the outer surface for all contact line ratios. For the same value of contact line ratio, Fig. 8(ii) shows that the full-metal has maximum absolute value and the full-ceramic has a minimum absolute value of radial www.nature.com/scientificreports www.nature.com/scientificreports/ strain while the FGMs radial strain occurs between them for different value of n for R 0 33
< . and R 0 66 > . . Also, the values of radial strains are negative for all brake disks close to the first contact point, for ≥ .
R 0 68. Figure 9 compares the vertical displacement for temperature-dependent and temperature-independent material properties versus non-dimensional radius under thermo-mechanical loading for a specified value of R cl (R cl = 0.375).
It is observed that the absolute values of vertical displacement in temperature-dependent material properties brake disks are greater than those for temperature-independent material properties brake disks. It is noticed that the difference between results for temperature-dependent with those for temperature-independent material properties decreases with the increases of grading index, n, in FGMs brake disk.
Non-dimensional shear stress versus the non-dimensional radius of one side contact with temperature-dependent and temperature-independent material properties under thermo-mechanical load in the FGMs rotating brake disk for R cl = 0.375 and different values of the grading index, n, are shown in Fig. 10 .
It is seen that the absolute value of shear stress in temperature-dependent material properties brake disk are greater than those for temperature-independent material properties brake disk up to a specific radius. As expected, the trend is very similar to each other. Furthermore, the effect of temperature-dependent in full-ceramic brake disk is greater than those for the others at the inner surface. This phenomenon can be explained by the interaction between boundary condition and geometry.
Results from Figs 9 and 10 concluded that the thermo-mechanical response on a FGMs brake disk temperature-dependent material properties are more realistic. Therefore, for high-temperature thermal load, the Figure 8 . Non-dimensional radial strain versus the non-dimensional radius of one side contact with thermomechanical load (i) in the FGMs rotating brake disk with different R cl and n = 1.5 (ii) in the rotating brake disk with R cl = 0.375 and different values of the grading index n.
Temperature-dependent double contact. Figure 11 shows non-dimensional radial stress versus the non-dimensional radius of one side contact with temperature-dependent and temperature-independent material properties and two side contacts temperature-dependent material properties under thermo-mechanical load in the FGMs rotating brake disk with R cl = 0.375 and n = 1.5.
The value of radial stress for temperature-independent and temperature-dependent material properties of single contact brake disk has the same behaviour while the behaviour of double contacts temperature-dependent material properties is completely different. Redial stress for pure brake disk and most of the FGMs brake disk start with tensile stress at the inner surface and tend to zero at the outer surface. It is worth to mention that the single contact brake disk with temperature-independent and temperature-dependent material properties have compressive and tensile values alternatively close to the outer surface. Moreover, the value of radial stress for double contacts brake disk can be converted from positive value to negative close to the inner surface. It is seen that the value of radial stress for double contacts brake disk with temperature-dependent material properties is tensile during contact line between the pad and brake disk (except for some specific value of grading index such as n = 1, see Fig. 12 ) unlike those for single contact brake disk. Also, the maximum value of compressive stress belongs to www.nature.com/scientificreports www.nature.com/scientificreports/ two sides contact brake disk with temperature-dependent material properties (at R = 0.29) while the maximum value of tensile stress is for one side contact with temperature-independent material properties (at R = 0.2). Figure 12 presents non-dimensional radial stress versus non-dimensional radius of two side contacts with temperature-dependent material properties under thermo-mechanical load in the FGMs rotating brake disk with R cl = 0.375 and different values of the grading index, n.
It is seen that the tensile stress and compressive stress through the disk belong to a full-ceramic brake disk and FGMs brake disk when n = 1, respectively. It is noticed that full-metal and FGMs brake disks with n = 0.8 and 1.5experience tensile stress close to inner and outer surfaces and compressive stress between R 0 24 041 . < ≤ . . As expected, the values of radial stress tend to zero at the outer surface of the brake disk. By comparing the radial stress for one and double sides contact, it is seen that there is local minimum stress close to the inner surface for double contact while the variation of radial stress of single contact smoothly decreasing as shown in Fig. 6(ii) . And also, by comparing the results of Figs 6 and 12 , it is observed that there is tensile stress for single contact brake disk while there can be compressive stress for double sides contact brake disk where . ≤ ≤ . R 0 2 0 6. Moreover, double contacts FGMs brake disk with n = 1 take compressive stress in Fig. 12 , whereas it takes the tensile value as shown in Fig. 6 (ii). It is seen that the shear stresses are negative close to the inner surface and then change to positive stress later on smoothly decrease to a very low positive value. It is noticed that the maximum and minimum shear stresses occur at full-ceramic brake disk. It is worth to mention that the positive shear stress is minimum for FGMs brake disk with n = 1. In addition, the slope of shear stress versus radius is positive for pure material brake disks while it is negative for specific FGMs brake disk (n = 0.8 or n = 1) close to the inner surface. It is seen that the positive shear stress for double side contact brake disk can occur close to inner surface oppose to results for single contact brake disk as shown Fig. 7 (ii) and 13 while positive shear stress occurs only close to the outer surface due to the contact area. Figure 14 illustrates non-dimensional radial strain versus the non-dimensional radius of two side contacts with temperature-dependent material properties under thermo-mechanical loads in the FGMs rotating brake disk with R cl = 0.375 and different values of the grading index, n. Figure 11 . Non-dimensional radial stress versus the non-dimensional radius of one side contact with temperature-dependent and temperature-independent material properties and two side contacts under thermomechanical load in the FGMs rotating brake disk with R cl = 0.375 and n = 1.5. www.nature.com/scientificreports www.nature.com/scientificreports/ It is seen that the slope of decreasing strain is sharp close to the inner surface and then smoothly decrease to zero value at the outer surface. There is a positive and negative radial strain for FGMs and full-metal brake disk whereas there is just positive radial strain for full-ceramic disk except close to the outer surface. As shown in Fig. 14 the results for FGMs brake disk for n = 1 is lower than other results where ≤ .
R 0 84. The interval of negative strain in double sides contacts brake disk is greater than those in one side contact brake disk as shown in Figs 8(ii) and 14, respectively. The absolute radial strains in single contact brake disks at the outer surface are greater than those for double contacts brake disks.
conclusions
The material properties of FGMs rotating brake disk change in radial direction under power-law distributions. The two thermal sources are dry contact friction and thermal load at inner and outer surfaces of FGMs brake disk. Aluminum as full-metal at inner surface and Zirconia as full-ceramic at the outer surface of rotating FGMs brake disk are considered. The constant vertical force is applied to three different pad areas. Thermo-elastic vertical displacement, radial stress, shear stress, and radial strain for single and double sides contact problem for 1. The single contact FGMs brake disk under thermal-mechanical loads with R cl = 0.375 has low tensile stress and absolute vertical displacement. The effect of contact line ratio is to shift the location and the value of zero stresses and vertical displacements. 2. The absolute values of vertical displacement in single contact FGMs brake disk due to thermo-mechanical loads remain between the maximum value for pure Aluminum brake disk and minimum value for pure Zirconia brake disk where R 0 27 1 . ≤ ≤ . Contrary, the radial stresses for single contact FGMs brake disk are not between results for pure material disk along the radial direction. 3. Single contact FGMs brake disk with temperature-dependent material properties has larger absolute vertical displacement and smaller radial stress where R 0 6 < . , but with similar behavior due to thermo-mechanical load compared to those with temperature-independent material properties. 4. The radial stress for one side and two sides contacts with temperature-independent and temperature-dependent material properties start with tensile stress at inner surface except for some specific value of grading index (n = 1) for double contact, while, the behaviour of radial stress in single and double contact FGMs brake disk are totally different. 5. The value of radial stress for double contacts brake disk is tensile during contact line between pad and brake disk unlike those for single contact brake disk. Double contacts take the maximum value of compressive stress (at R = 0.29) while the maximum value of tensile stress is for one side contact with temperature-independent material properties (at R = 0.2). 6. The positive shear stress always occurs after the first contact point > . R ( 07) for single contact while this phenomena in double contacts occurs close to the inner surface and then decrease to a positive value. 7. The maximum and minimum shear stresses for two sides contact occur at full-ceramic brake disk, unlike one side contact brake disk which occurs for FGMs brake disk. 8. The values of radial strain in a single contact are negative close to first contact point ≥ .
R 0 68 oppose to those for double contacts, which is negative close to the inner surface except for full-ceramic. 9. The absolute radial strains in double contact brake disks at the outer surface are less than those for single contact brake disks.
Results of this study suggest that the gradations of the constitutive components and temperature-dependent material properties, as well as contact line ratio, play an important role in the determination of thermo-mechanical responses in FGMs brake disks.
